Microbiological calcium carbonate precipitation (MCCP) has been investigated for its ability to improve the durability of cement mortar. However, very few strains have been applied to crack remediation and strengthening of cementitious materials. In this study, we report the biodeposition of Bacillus subtilis 168 and its ability to enhance the durability of cement material. B. subtilis 168 was applied to the surface of cement specimens. The results showed a new layer of deposited organic-inorganic composites on the surface of the cement paste. In addition, the water permeability of the cement paste treated with B. subtilis 168 was lower than that of non-treated specimens. Furthermore, artificial cracks in the cement paste were completely remediated by the biodeposition of B. subtilis 168. The compressive strength of cement mortar treated with B. subtilis 168 increased by about 19.5% when compared with samples completed with only B4 medium. Taken together, these findings suggest that the biodeposition of B. subtilis 168 could be used as a sealing and coating agent to improve the strength and water resistance of concrete. This is the first paper to report the application of Bacillus subtilis 168 for its ability to improve the durability of cement mortar through calcium carbonate precipitation.
Cement structures and buildings are damaged by several physical, chemical, and biological factors [21] . In addition, continuous weathering and erosion by environmental factors cause dissolution of the mineral matrix in concrete material, resulting in increased porosity and decreased mechanical features [4, 6, 18] . To prevent the penetration into concrete pores, several conservative treatments such as acrylic or epoxy resins and Ba(OH) 2 solutions that polymerize the inside of the cement pores are used; however, these treatments commonly result in the formation of incompatible, often harmful surface films [5, 12, 18, 23] . In addition, these treatments generally release noxious volatile compounds that are harmful to humans and environment [20, 22, 25] . To solve this problem, MCCP has been proposed as an eco-friendly and long-lasting solution for the remediation and improvement of the durability of cementitious materials [3-5, 7, 19] . In this method, the protective effects rely on the bacterially induced formation of a compatible carbonate precipitate on limestone, which, unlike the lime-water treatment, appears to be highly coherent [12, 13] .
Biomineralization induced by bacteria occurs via two different mechanisms: biologically controlled and biologically induced biomineralization [13, 15] . In biologically controlled mineralization, the nucleation and growth of an organicinorganic mineral is controlled by microorganisms. Specifically, the microorganism synthesizes minerals in a form that is specific to that species, independent of environmental conditions [5] . Conversely, biologically induced mineralization is largely dependent on environmental conditions [17] , with no specialized structures or specific molecular mechanisms involved [2] . An example of biologically induced mineralization is the induction of favorable mineralization in the environment by ureolytic calciteforming bacteria [8] .
Previous studies have shown the potential for the application of calcinogenic bacteria to improve the durability of concrete using different treatment methods. De Muynck et al. [4, 5] investigated the biodeposition of Bacillus sphaericus for re-establishment of the calcium layer in different porosities. The authors found that biodeposition resulted in an increased resistance of mortar specimens toward carbonation, chloride penetration, and freezing. Moreover, bacterial treatment showed a protection against degradation processes similar to those of conventional surface treatments such silanes, siloxanes, silicates, and acrylates [5] . Tiano et al. [23] also reported decreased water penetration after biodeposition treatment of limestone with Micrococcus spp. and Bacillus subtilis strains. Unlike the surface treatment, Ramachandran et al. [16] found that the addition of calcium-carbonate-forming bacteria could increase the compressive strength of cement mortar (18% increase). According to Ghosh et al. [8] , improvement of the compressive strength of mortar specimens is induced by the addition of the non-calcite-forming bacteria Shewanella, suggesting that the choice of the microorganism plays an important role in improvement of the compressive strength. More specifically, the production of extracellular polymeric substance (EPS) by the bacteria appeared to be of importance.
The Bacillus group had been studied the most owing to their capability to precipitate calcite on their cell constituents and in their micro-environment by metabolism related with urea hydrolysis and carbonate precipitation [1, 5, 6] . Studies have been reported on the use of Bacillus strains to enhance the durability of cement material [1, 2, 6, 21, 24] . They suggested that the addition of Bacillus strains could increase compressive strength, and the treatment of Bacillus on cement surface could prevent water penetration into cement mortar [1, 21, 24] .
The primary purpose of this study is to investigate the multifunction of the biodeposition of B. subtilis 168 for the repair of cracks, improvement of compressive strength, and reduction of water permeability through surface treatment. Results showed that biodeposition of B. subtilis 168 could repair artificial forced cracks in cement paste. Previous studies mixed bacterial strains with cement and water to show improvement of compressive strength. This study showed that surface treatment could also increase the compressive strength of cement mortar. Additionally, we suggest that the surface treatment of B. subtilis 168 could induce positive effects on cement block against water penetration, remediation of cracks on cement surface, and improvement of compressive strength of cement structures.
MATERIALS AND METHODS

Bacterial Strains and Culture Media
Bacillus subtilis 168 was the experimental strain. B. cereus KCTC3624, which is well known for its usefulness in bioremediation, was used as a positive control, and E. coli K-12 was used as the negative control strain. All microorganisms were obtained from the Korean Biological Resource Center (Daejeon, Korea). For inoculum preparation, these bacteria were precultured in tryptic soy broth (TSB) and then incubated with shaking at 160 rpm at 30 o C for 24 h. Solid B4 medium containing 4 g/l yeast extract, 5 g/l glucose, and 15 g/l calcium acetate was used for calcium carbonate precipitation [2] .
Microbiologically Controlled CaCO 3 Precipitation
To examine the calcium carbonate precipitation of B. subtilis 168, the strain was inoculated on B4 medium plates at 30 o C for five days. The crystals that precipitated on the bacterial colony were observed by light microscopy (Sw 804425; Samwon, Seoul, Korea) and digital images of the calcium aggregates and colonies were captured using a Zentech Digicam. A scale bar of the image was measured using the ImagePartner Software (Saramsoft Co., Ltd., Anyang, Korea).
Biodeposition on the Surface of the Cement Paste
The cement pastes were made using a 3.4 cm diameter petri dish containing 25 g of Portland cement and 8 ml of distilled water (DW). B. subtilis 168 was inoculated in 5 ml of TSB at 30 o C for 12 h under aerobic conditions, after which cells were obtained by centrifugation at 8,000 rpm and then washed twice with distilled water. The cell pellet was suspended in 1 ml of liquid B4 medium, after which the cell concentration of the suspension was adjusted to an optical density (OD) of 1.4 at 600 nm. Next, 1 ml aliquot of the sample was placed on the surface of the cement paste and the samples were incubated at 30 o C for 5 and 10 days. The biodeposition was observed by stereomicroscopy (Sw 011576; Samwon, Seoul, Korea).
Water Permeability Test
A water permeability test was conducted to determine the effect of the strains on resistance toward water penetration. The test strains were precultured in 30 ml of TSB and then incubated at 30 o C for 12 h. The cells were harvested by centrifugation at 8,000 rpm followed by two washes with DW. The cell concentrations were adjusted to an OD of 0.8 at 600 nm. The UV-sterilized cement pastes were then immersed in the bacterial culture in B4 medium, after which the samples were incubated with shaking at 50 rpm and 30 o C for three days. Next, the cement pastes were dried at room temperature and the gravity was measured (W3). After measuring the gravity, the pastes were immediately dried at 65 o C for 24 h (W1). The water absorption was then measured using the formula for absorption and bulk specific gravity of stone, KS F 2518, as described by the Korea standard association [13] :
Water absorption (%) = (W3 -W1)/W1 × 100 W3 = oven-dried (g) after drying at room temperature W1 = water saturation (g) after drying at 65 o C Crack Remediation Test Bacterial strains were tested for their ability to remediate cracks on cement paste. Cement pastes were made by mixing aliquots of DW with cement in a 0.4 water/cement weight ratio and then dried at 60 o C for 24 h, after which cracks were artificially made by applying physical force. Crack size was measured by stereomicroscopy (×10) and cement pastes with cracks of 0.3 mm length were selected for further study. Bacterial samples suspended in 100 µl of liquid B4 medium were applied to the cracks in the cement pastes and the samples were then incubated at 30 o C for 24 h. This process was repeated three times within three days with a 24 h interval. Five days after the first treatment, digital images of the pastes were captured with a Zentech Digicam. harvested by centrifugation at 8,000 rpm and washed twice with DW. Bacterial suspensions of the same concentrations were then prepared using liquid B4 medium and adjusted to an OD of 0.8 at 600 nm. A mixture of 240 g cement, 660 g sand, and 116.4 ml of DW was used to cast three cement mortars with dimensions of 50.8 mm × 50.8 mm × 50.8 mm. Six cement mortars were used for each treatment. A total of 10 ml of bacterial suspension was inoculated into 1 L of B4 medium, and mortar specimens were then immersed in this bacteria-containing suspension to produce calcium aggregates to coat on the surface of the cement mortars. These treatments were then incubated at 30 o C under aerobic conditions, during which time the culture medium was changed every 10 days. Cement mortars were removed from the bacterial suspension and dried completely at 25 o C, after which the compressive strengths of the specimens were measured using a compressive strength machine (Universal Test Machine; Shimadzu Corporation, Kyoto, Japan).
Field-Emission Scanning Electron Microscopy (FE-SEM) Images
After the compressive strength test, broken pieces of the cement mortar were gathered and the biodeposition on the specimen was examined using FE-SEM (S-4300 and EDX-350; Hitachi, Tokyo, Japan).
RESULTS AND DISCUSSION
Microbiologically Controlled CaCO 3 Precipitation
Cement material is known to be highly alkaline [3, 10] . B. subtilis 168 has evolved strategies to allow survival in stressful conditions including a highly alkaline environment [2, 14] . In this study, B. subtilis 168 was selected for improvement of durability of cement material and development of a multifunctional cement mortar. Furthermore, whole genome sequence analysis of B. subtilis 168 was already completed [11, 14] and its entire proteome was advanced characterized [14, 26] . More importantly, in B. subtilis 168, inactivation of the etfA gene causes a decrease in the pH of the calcium precipitation medium during biofilm development, leading to impairment in calcite precipitation [14] . This will help in further genetic studies related with calcium precipitation in cement material and development of enhanced calcite-forming bacteria. However, the application of calcium precipitation by B. subtilis 168 for improvement of durability of cement mortar has not been reported yet.
The calcium carbonate precipitations of B. subtilis 168 and B. cereus KCTC3624 were examined on solid B4 medium containing calcium acetate. Calcium carbonate crystals were observed three days after inoculation of the solid medium with B. subtilis 168 and B. cereus KCTC3624. The crystals induced by B. subtilis 168 were rod shaped with lengths ranging from 100 to 500 µm (Fig. 1) . In the case of B. cereus KCTC3624, the crystals were rod and square shaped occasionally and have a little higher length range than that of B. subtilis 168 crystals (Fig. 1) . However, no mineral aggregates were observed with the negative control E. coli K-12 (Fig. 1) . The crystal structures induced by bacteria were determined to be rhombohedral calcite by XRD (Fig. 2) .
Interestingly, in ureolytic calcium carbonate precipitation, one of the mechanisms of biologically induced carbonate precipitation, the calcium crystals are produced both inside and outside of bacterial colonies [15] . This precipitation reaction depends on the presence of urea, which is hydrolyzed by bacterial urease [9, 16] . The enzymatic urea hydrolysis produces ammonia, which creates an alkaline microenvironment around the cell and whole urea-CaCl 2 solid medium [15] . The crystals produced by B. subtilis 168 and B. cereus KCTC3624 were observed only inside of the colony (Fig. 1) . In the case of B. subtilis 168, an increase in the environment pH was observed. The medium used in this study does not contain any urea, excluding the possibility of increase in pH due to urea hydrolysis. The increase in pH by B. subtilis 168 was probably due to the increase in environment pH during biofilm formation [14] . In this aspect, B. subtilis 168 has an advantage over ureolytic bacteria since no external urea source is needed for calcium carbonate precipitation.
Characterization of the Biodeposition Treatment
Biodeposition on the surface of cement paste. Treatment of cement paste with B. subtilis 168 and B. cereus KCTC3624 resulted in the presence of a new organicinorganic layer on the cement surface. B. subtilis 168 treated specimens showed calcium precipitation (biodeposition) on the surface, but no precipitation was observed in the control specimens (Fig. 3) . Fig. 3D shows a new layer containing organic-inorganic composites on the surface of the cement material with crystals induced by B. subtilis 168 that showed larger variations in shapes and sizes than that of B. cereus KCTC3624 (Fig. 3) .
In the water absorption test, cement pastes treated with a B. subtilis 168 suspension containing calcium acetate had significantly less water permeability than non-treated specimens (Table 1 ). These findings showed that the presence of biominerals and EPS on the surface could hinder water movement and penetration into the cement pastes (Fig. 3) . In a previous study, extracellular EPS film formation was found to fill in pores in concrete, resulting in increased resistance against water penetration [23] . The results of the present study also showed that both calcium carbonate precipitation and EPS could result in an increased protective effect toward water penetration when compared with non-calcinogenic bacteria treatment (Fig. 3) .
Moreover, the weight growth of cement paste treated with B. subtilis 168 showed a higher rate compared with that of treatments with B. cereus KCTC3624 and E. coli K12 at 7 and 28 days test (Table 2 ). This result suggests that bacterial treatment can be used as a nucleation site for [9, 17, 18] . However, whether the surface coating method of the biodeposition induced by bacteria on the surface of cement mortar could increase the strength improvement was not reported until now. Because the biodeposition occurs on the surface of the cement mortar, the mortar specimens were immersed in bacterial suspensions in B4 medium. Treatment with B. subtilis 168 and B. cereus KCTC3624 resulted in a significant strength increase of 19.5% and 14.5%, respectively, when compared with treatment with B4 alone (Fig. 4) . The specimen treated with E. coli K12 as a negative control showed the lowest strength improvement (Fig. 4) . FE-SEM images showed that treatment with B. subtilis 168 led to extensive precipitation of calcium carbonate around the cell wall (Fig. 5D) . No calcium carbonate precipitation was observed in the control treatment (Fig. 5A) . The biodeposition controlled by B. subtilis 168 could seal and coat the surface of the cement mortar (Fig. 3) . The coating and filling effects of a new bacterial layer on pores of cement mortar could increase the compressive strength and decrease water permeability (Tables 1 and 2 ). Taken together, these results indicated the B. subtilis 168 could be used as a sealing agent for improvement of the durability of cement mortar. Remediation of cracks in cement paste. Cracks in concrete allow water and chemicals to enter, which may eventually lead to unwanted corrosion of the steel reinforcements and deterioration of the concrete structure [10] . To repair the cracks, MCCP has been applied utilizing different strains and different application methods. In all studies that have been conducted to date, the treated cracks were examined based on water, gas, and chloride permeability [4, 10, 12, 16] . In the present study, to remediate artificially made cracks in cement paste, culture suspensions of B. subtilis 168 and a calcium source were applied to the cracks. Three days after treatment, the height of cracks treated with bacterial culture had narrowed slightly, and these cracks were completely sealed after five days (Fig. 6) . However, in the B4 treatment, the artificial crack was not filled. The electronic image of biodepostion induced by B. subtilis 168 on the cracks shows an organic-inorganic matrix on the remediated cracks of the cement paste (Fig. 7) . The new formatted matrix can seal the crack and block the water penetration into cement material. This result suggests that the carbonate precipitation of B. subtilis 168 can be used as a biosealing agent for cracks repair. This study shows the direct image of repaired cracks in the surface of the cement paste.
The current study demonstrated that microbiological calcium carbonate mineralization resulted in improved durability of cement mortar. Specifically, cement paste treated with B. subtilis 168 showed significantly less water permeability than non-treated specimens. Additionally, artificially induced cracks in the cement paste were completely sealed by the biodeposition controlled by B. subtilis 168. Moreover, the compressive strength of cement mortar specimens was improved by surface treatment, which has not been reported until now, with the calciumcarbonate forming bacteria. These results suggest that B. subtilis 168 can serve as a multifunctional agent for remediation of cracks, prevention of water penetration, and strength improvement of cement mortar. Further research is necessary to determine which nutrients and metabolic products present in the cement mortar influence the growth, survival, and degradation of the bacteria inside the cementitious materials. Future investigation should also focus on the various comparative species of bacterial groups and mixture of microorganisms in the cement structure, as they could be an influence on the various industrial applications of microorganisms and for the development of new methods and biomaterials in the cement structure.
